Abstract
Urban heat island (UHI) research usually focuses on differential air or land surface 3 temperature in urban and rural areas. However, since anthropogenic heat released by human 4 activities is one of the most important causes of the UHI, there is a growing body of research 5 concerned with the impact of anthropogenic heat releases upon the urban boundary layer 6 structure. The UHI is of particular concern because it has the potential to amplify climate 7 change impacts on people living in cities. The UHI occurs as a result of a combination of 8 anthropogenic heat discharge, decreased vegetation cover and increased use of artificial 9
impervious surface materials such as concrete and asphalt (Kato and Yamaguchi 2005, Amiri 10 and Weng 2009). These factors modify the heat balance at the land surface and eventually 11 lead to differences in atmospheric temperature between the city and the countryside. The 12 contributions of these factors to the thermal environment need to be clarified in order to 13 mitigate the UHI effect and adapt effectively to climate change impacts in urban 14
environments. 15
Analyses of surface energy flux have extensively been conducted over vegetated and 16 agricultural areas, but the methods have also been applied to urban areas (Zhang et al. 1998, 17 Chrysoulakis 2003). In urban areas, in addition to the incoming net radiation, the 18 anthropogenic heat discharge also causes heat fluxes. Anthropogenic heat emissions include 19 energy released by combustion of fuels and electric heat, e.g. in industry, commerce, 20 residence, traffic, and energy losses from heating and air conditioning. The anthropogenic 21 heat discharge occurs as ground heat, sensible heat and latent heat. The UHI effect is in part a 22 result of increased sensible heat flux from the land surface to the atmosphere near cities. 23 Sensible heat flux is comprised of emitted anthropogenic heat and heat radiation due to solar 24 input. Oke (1988) suggested that the annual average anthropogenic heat release ranges from 25 20 to 160 W/m 2 for large cities. Kimura and Takahashi (1991) , Klysik (1996) , Grimmond 26 (1992) and Grimmond et al. (2004) found that the average anthropogenic heat release over a 27 city is usually less than 100 W/m 2 , but Ichinose et al. (1999) Landsat ETM+ data with ground meteorological data to investigate the spatial patterns of 15 surface energy fluxes in Nagoya, Japan, by separating anthropogenic heat discharge and 16 natural heat radiation from sensible heat flux. In these methods, heat fluxes were inferred 17 using not only remote sensing data, but also locally observed meteorological data. The net 18 increase in sensible heat flux was obtained as the residual of the heat balance equation, and 19 the latent heat flux was assumed to be zero over impervious surfaces. The assumption that the 20 latent heat flux was zero over impervious surfaces caused an underestimation of latent heat 21 flux and overestimation of the net increase in sensible heat flux because the impervious 22 surface was identified using a 'crisp' classification, in which a pixel is allocated to one class 23 only. However, in reality many pixels represent a mixture of more than one land cover class at 24 the spatial resolution of ASTER and Landsat ETM+. 25
In our study, based on a heat-balance model using satellite remote sensing and ground 26 meteorological data, sub-pixel vegetation abundance such as fractional vegetation cover (FVC) 27 will be used and improved to calculate latent heat flux and help to solve the issue of 28 overestimation of the anthropogenic heat discharge from sensible heat flux. Therefore, we can 29 estimate the artificial increase in the sensible heat flux with a higher accuracy and its 30 contribution to urban thermal environment. The spatial distributions and temporal variations 31 of anthropogenic heat discharge in urban thermal patterns will be further described in a 32 quantitative manner. 33 34 2. Study area and data sets 1 2.1. Study area 2
The study area is Fuzhou, the capital city of Fujian province, located on the southeast 3 coast of China (Fig. 1) . With a population of over 6 million, the city is situated in a 4 subtropical plain between the Gu and Qi mountains with potential for expansion in all 5 directions. Like many other Chinese cities, the population of Fuzhou is rapidly increasing 6 leading to urban expansion. The urban sprawl occurs through natural surfaces being sealed by 7 asphalt, concrete, brick tiles and metal plate surfaces for roads, buildings and other structures. 8
Changes in land cover contribute to changes in the land surface characteristics and 9
ecosystems. Materials such as concrete and asphalt used in urban areas have significantly 10 different thermal properties (heat capacity/thermal inertia) and surface radiative properties 11 (albedo and emissivity) from the surrounding rural areas. 12 original digital numbers of bands 1-5 and 7 were converted to at-satellite radiance, and 23 further converted to surface reflectance and Normalized Difference Vegetation Index (NDVI). 24
Radiometric correction followed a two-step process. The first step was radiometric 25 calibration, which calibrated digital numbers to at-satellite reflectance (Schroeder et al. 2006) . 26
The second step was the calculation of land surface reflectance using the radiative transfer 27 model 6S. The digital numbers of the thermal band (band 6) were converted to radiation 28 luminance or top-of-atmospheric radiance, then the atmospheric correction tool MODTRAN 29 4.1 was applied to estimate three parameters: atmospheric transmission, upwelling and 30 downwelling radiance. These enable the calculation of the surface-leaving radiance by The visible and near infrared data were used to classify the land cover type. A maximum 4 likelihood classification method was carried out to extract seven land cover types in the study 5 area, namely: forest, water, agriculture, bare land, grassland, suburban and urban (Fig. 2) . In the present study, the ground meteorological data used were solar radiation, wind 11 speed, relative humidity, air pressure and air temperature at the acquisition time of the 12 TM/ETM+ scenes. The meteorological data were recorded at local meteorological stations. 13 Solar radiation, wind speed and relative humidity were assumed to be constant throughout the 14 study area. Because the research area is not large, meteorological data from one station 15 located near the central part of the image can reasonably represent the whole study area. 16 Water vapour pressure was calculated from the relative humidity and saturation water vapour 17 pressure, which was obtained from the atmospheric temperature (Brutsaert 1982 
Where R n is the net radiation, G is the ground heat flux, H is the sensible heat flux, and LE is 30 the latent heat flux. 31 Anthropogenic heat discharge is the sum of heat released by industry, vehicles and living 32 activities. In urban areas, the energy consumption due to human activities generates 33 anthropogenic heat discharge in the forms of sensible heat, ground heat and latent heat. The 1 heat balance can hence be modified as follows: 2
where A is the anthropogenic heat discharge released by the energy consumption due to 4 human activities. Therefore, A is mainly transferred from urban areas to heat the atmosphere 5 directly and contributes to increase the surface temperature of buildings, other structures and 6 the ground. Therefore, A significantly alters the extent and magnitude of the UHI. Surface 7 temperature and heat fluxes measured by remote sensing are affected by anthropogenic heat 8 discharges. Based on the land surface energy balance, the effect of anthropogenic heat 9 discharge on sensible heat flux can be calculated. 10
The equation to calculate the net radiation is given by 11
where a is the albedo related to land surface types, R swd is the downward solar radiation, R lwd 13 is the downward longwave radiation, ε is the emissivity of the surface, σ is the Stefan- can be found in Iqbal (1983) . When there is no measurement, the downward longwave 20 radiation R lwd can be calculated as: 21
where ε a is the emissivity of the atmosphere which can be estimated using the Swinbank 23 formula as given by Campbell and Norman (1998) in the form ε a =1.24*(e a /T a ) 1/7 , with e a is 24 the atmospheric water vapor pressure in hPa and T a the air temperature at the reference height. 25 The magnitude of ground heat flux G is generally small, and the determination of this 26 flux in energy-balance studies is often handled by parameterising it as a constant fraction of 27 the net radiation. However, for specific surfaces such as bare soil, non-natural materials or 28 urban surfaces in this study, G can roughly be estimated from the net radiation: 29 
where Z is the height (m/s) at which the wind speed u z (at height z) is measured; d the zero 8 plane displacement height; Z om and Z oh are respectively the roughness lengths for momentum 9 and heat transport. ψ is the stability correction function, which depends on the Monin- 
In Eq. (9), H is only known at the extremes of T 0 , i.e. for H = 0 (for the coldest pixels) and H 32 = R n -G (for the warmest pixels). For these specific land surface elements, δT can be 33 The latent heat is the energy used for the transport of water vapour from the land surface, 1 through vegetation evapotranspiration or evaporation from the soil to the atmosphere 2 (Monteith and Unsworth 1990). The LE from impervious surfaces estimated by remote 3 sensing data was usually assumed zero. Impervious surfaces are often identified using crisp 4 (as opposed to fuzzy) classification schemes, in which a pixel is allocated to one class only. 5
However, many pixels represent a mixture of more than one land cover type at the spatial 6 scale of ASTER and Landsat TM/ETM+, and the effect of mixed pixels containing mostly but 7 not exclusively sealed impervious surfaces has led to an underestimation of latent heat fluxes 8 in urban areas in other studies. In the study presented here, linear spectral unmixing (LSU) is 9 used to extract FVC at a sub-pixel level. LE is then calculated in proportion to fractional 10 vegetation cover in every image pixel of urban areas, and only set to zero when the surface 11 type was classified as 100% impervious surface area (ISA), based on the assumption that 12 artificial land surfaces were dry at the times when the satellite images were acquired. 13 In Eq. (3), the net radiation mainly depends on land surface types and atmospheric 16 temperatures in the long-wave part of the spectrum. It is affected relatively little by changes in 17 air temperature, because the amount of short-wave radiation is much greater than the net long-18 wave radiation under clear sky conditions. In Eq. (7), H, calculated based on observed 19 surface and air temperatures, is influenced by the radiant heat balance and the effect of the 20 anthropogenic heat discharge. In Eq. (11), LE is only due to evapotranspiration. Therefore, 21 temperature change mainly impacts on H and the surplus in the radiant heat balance due to the 22 anthropogenic effect on the urban surface. Its influence on LE, R n and G is negligible. 23 The sensible heat flux due to the radiant heat balance (H n ) can be calculated as the 24 residual from the heat-balance equation: 25
The sensible heat flux due to the artificial effects H as can be calculated as the difference 27 between the total sensible heat flux H in Eq. (7) and H n as follows: 28
When H is greater than or equal to H n , we can use Eq. (14) Based on the assumption that impervious surface areas were dry at the time of image 1 acquisitions, a zero latent heat flux was assumed when the surface type is urban, suburban or 2 industrial. In our study, fractional vegetation cover (FVC, 0-100%) was used to improve the 3 calculation of LE in those surface types. 4 FVC was used to solve the issue of LE underestimation in urban areas by quantitatively 5 analyzing the relationship between FVC and LE. Fig. 3a and b show the scatterplots of LE and 6 FVC for a sample of pixels with FVC >18% in urban and peri-urban areas. The results 7 indicate a statistical correlation between LE and FVC (P<0.05; r=0.704 for 1989 and r=0.771 8 for 2001). To further investigate these relationships, a zonal analysis was carried out to 9 evaluate the mean LE at increments of FVC from 18% to 100%. especially FVC with small percent values, can be estimated using spectral unmixing. Because 34 a crisp classification ignores within-pixel heterogeneity, LE in urban and suburban areas as 1 shown in Fig. 4a and b was underestimated because this method neglects mixed pixels that are 2 partially vegetation urban areas. Comparing the spatial distributions of LE in Fig. 4a and c  3 with Fig. 4b and d respectively, the contrast between LE in urban and surrounding areas was 4 stronger in 2001 (Fig. 4b and d) than in 1989 (Fig. 4a and c Table 3 , H is significantly higher for urban and suburban areas than for other land 1 cover types. This relationship is stable for both seasons. Because of seasonal and solar 2 radiative differences, the surface temperature rise caused by incoming solar radiation was 3 higher in summer than in spring, so H is usually higher in summer than that in spring. In this 4 study, H of forest, water, grassland and suburban was higher in 1989 than in 2001, while H of 5 water bodies had similar values in both years. However, for agriculture, bare land and urban 6 areas, H values were higher in 2001 than in 1989. The main reasons for this increase are 7 related to agricultural activities, soil moisture and the seasonal variation of the meteorological 8 parameters used in the estimation of H. 9
Mean LE on forest, water, agriculture and grassland is high in both seasons, and mean 10 LE of these land cover types was higher in 2001 than in 1989 because the meteorological 11 parameters were different. The wind speed in 2001 was much higher (9 m/s), and the relative 12 humidity was significantly lower (23%) than in 1989 (1 m/s and 52%, respectively). These 13 meteorological parameters impact greatly on LE. However, for bare land, suburban and urban 14 areas with low water content, mean LE was slightly higher in 1989 than in 2001 due to 15 incoming solar radiation differences between summer and spring. 16 Mean values of G of urban and suburban areas in summer were significantly larger than 17 in spring, and the values of G of urban and suburban areas were larger than those of other land 18 cover types. G of water is 0. The urban surface stores more heat than the surrounding low 19 building and impervious area during the daytime. For forest, bare land, grassland, suburban 20 and urban land cover types, mean G was larger in 1989 than in 2001, but not for water and 21
agriculture. 22
Theoretically, H as should be 0 W/m 2 for natural surfaces such as bare soil, grass and 23 forest areas. In Table 3 , the mean and standard deviation of H as of forest, water, agriculture 24 and grassland was all negative in both seasons, illustrating an estimation error. The main 25 reasons for this error are that the accuracy of the calculation of the aerodynamic resistance to 26 H, stomatal resistance to LE and correlated parameters to G in these areas are not high. Also 27 some parameters such as wind speed, roughness lengths, displacement height, FVC and land 28 cover types etc., need to be estimated further in order to adjust to the actual surface conditions 29 for more accurate calculation of H and LE, and G. 30 We created several imperviousness categories for further analysis. The percent ISA was 31 estimated by LSU within a continuous range of between 0% and 100%. Pixels were classified 32 as urban when the percent ISA was ≥10%. Water was excluded from the classification. The 33 urban development densities were defined by ISA threshold values as 10-30% for low-34 density; 30-50% for medium density; and >50% for high-density. High density urban area 1 was further divided in three levels: 50-70%, 70-90% and >90%. The mean and SD of H and 2 H as for each imperviousness category in urban and suburban areas are shown in Table 4 Table 5. The main  28 reason of the minor difference is thought to be the difference in incoming solar radiation and 29 surface characteristics. Kato and Yamaguchi (2007) assumed LE to be zero over impervious 30 surfaces and therefore may have underestimated LE in urban areas, we used LSU to estimate 31 FVC and to improve the LE calculation in urban areas. In Table 5 , the LE/R n ratios of 0.06 in 32 summer and 0.04 in spring in urban area are higher than 0 given by Kato and Yamaguchi 33 (2007) . In the present study, G/R n of 0.56 and 0.58 respectively in urban and sub-urban areas 34 in summer and 0.57 and 0.58 in urban and sub-urban areas in spring are higher than some but 1 lower than other studies presented in Table 5 . Surface type influences the value of G and the 2 seasonal pattern of G. However, G/R n varied little between spring and summer in the present 3 study. 4
Because the differences are partially caused by differences in the structural and material 5 properties of the land surface and the seasonal climate, it is difficult to compare our estimates 6 directly with other studies as shown in Table 5 . Generally, the results from the above 7 comparisons indicate that the estimation in our study gives reasonable results that are broadly 8 in line with previously published studies. Efforts are still underway to improve methodologies for estimation of heat fluxes in 3 urban areas using remote sensing data. Out of the various variables used to estimate the 4 energy balance, the estimation of aerodynamic resistance (r a ) to H is difficult, because it is 5 influenced by wind speed, surface roughness and displacement height and cannot be 6 determined analytically. Currently, there has not been an effective method that can accurately 7 estimate the surface roughness and displacement height in urban areas with spatial 8 heterogeneity and buildings of different height. The stomatal resistance (r s ) to latent heat 9 transfer is also difficult to estimate precisely. Therefore, it is difficult to calculate urban 10 anthropogenic heat release precisely. 11
In future studies, there is a need to differentiate the industrial heat release, domestic heat 12 release and traffic heat release from anthropogenic heat release using ancillary data and relate 13 these fluxes to population density. The potential contribution of anthropogenic heat release to 14 the development of the UHI effect needs to be analyzed further for a globally representative 15 sample of cities. 
